The human intestine is sterile at birth but is then rapidly colonized by bacteria, ultimately leading to the development of a complex intestinal microbiota (4) . Bifidobacteria are among the first bacterial colonizers of the intestine of neonates and are believed to represent the largest fraction of the infant microbiota (6, (27) (28) (29) (30) . Recently, bifidobacteria have been isolated from human milk, suggesting vertical mother-to-child transmission from the maternal gut to that of breast-fed infants (4, 14) . However, an alternative hypothesis is that bifidobacteria are introduced into human milk through newborn-mother contacts, resulting in breast colonization by bifidobacteria that are present in the infant oral cavity during suckling, and that infant colonization occurs during birth from specific components of the mother's fecal/vaginal microbiota.
Human milk represents a continuous supply of nutrients to the neonate and also stimulates growth of specific bacterial groups/species in the infant intestine (23) . Only a few species of the Bifidobacterium genus, such as Bifidobacterium longum subsp. infantis, Bifidobacterium breve, and Bifidobacterium bifidum, are considered typical inhabitants of the infant intestine (13, 25) . From an ecological context, (components of) the gut microbiota are considered to influence the health status of their host and, in particular, bifidobacteria have been claimed to positively impact the development and maintenance of a balanced immune system as well as to aid in the nutrition activities of intestinal cells (1, 7) .
Recently, the genome sequences of various common infant bifidobacterial species, such as Bifidobacterium longum subsp. infantis ATCC 15697 and Bifidobacterium bifidum PRL2010 (26) , have become publicly available (22) . In silico as well as proteomic analyses revealed the existence of a large arsenal of genes encoding enzymes, such as fucosidases, sialidases, ␤-galactosidases, and N-acetyl-␤-hexosaminidase, predicted to be involved in the metabolism of host glycans, like human milk oligosaccharides (HMOs) and mucin (22) . However, the molecular mechanisms underlying the promotion of human milk to specific development of the intestinal bifidobacterial community is still poorly understood. In the present study we surveyed the bifidobacterial composition of the human milk microbiota and analyzed the molecular response of a milkderived representative, i.e., Bifidobacterium breve 4L, during cultivation in human, cow, and formula milk, as well as in plant-derived milks.
Isolation and identification of bifidobacteria from human milk samples. The bifidobacterial population of the six collected human milk samples was assayed using mupirocin-based medium (BSM), which has previously been described to be selective for bifidobacteria (24, 27) . Bifidobacterial cultures were incubated in an anaerobic atmosphere (2.99% H 2 , 17.01% CO 2 , and 80% N 2 ) in a chamber (Concept 400; Ruskin) at 37°C for 72 h. All 25 colonies that developed on BSM plates were subjected to DNA isolation by means of rapid mechanical cell lysis, as described previously (31) . PCR was used to amplify the 16S sequences and intergenic transcribed sequences (ITSs) of these Bifidobacterium isolates by using previously described primers (27) . To analyze the biodiversity of these cultivatable bifidobacteria, all isolated colonies were analyzed by sequencing of this section of the rRNA operon. Each 16S rRNA gene-ITS amplicon thus generated from individual colonies originating from milk samples was sequenced and was then subjected to a BLAST search against the GenBank database. All 25 sequences thus obtained showed more than 98% sequence identity to their nearest database entries, and thus no new bifidobacterial species were identified. Based on these BLAST results, all se-quences were assigned to three phylogenetic taxa, representing B. breve, Bifidobacterium longum subsp. longum/infantis, and Bifidobacterium adolescentis ( Table 1) . The phylogenetic relationships between the 25 isolated bifidobacterial strains were analyzed using a 16S-rRNA gene-based tree, which clearly demonstrated separation into three distinct phylogenetic clusters and which corresponded to the bifidobacterial species identified by BLAST analysis (Fig. 1) . Phylogenetic analysis showed that the majority of the investigated strains (56% of the total isolates) belonged to B. breve. As described previously, the high degree of variability of the ITSs at an intraspecific level in bifidobacteria renders this molecular marker suitable for the specific molecular characterization of bifidobacterial strains (28) . When we compared the 16S rRNA gene-ITSs from all bifidobacteria isolated from human milk samples, we identified a level of similarity below 8%, thus suggesting that each of the isolated strains is genetically distinct (data not shown).
Evaluation of growth capabilities of different human milk isolates. All strains from each bifidobacterial species isolated from human milk, except for B. adolescentis, were assayed for their growth abilities on different milk-based substrates, i.e., human milk, bovine milk, formula milk, soybean-based milk, and rice-based milk. Although the isolation attempts led to the identification of three strains belonging to the B. adolescentis taxon, we decided not to include such strains in further experiments, due to the fact that members of this bifidobacterial species have previously been associated with infants suffering from allergic diseases (8) .
Cell growth curves on these substrates of all these bifidobacterial strains were monitored for 48 h by a plate reader (Biotek, Winooski, VT), which was set as described previously (26, 32) . About 10 9 CFU/ml for each bifidobacterial strain were inoculated in basic medium (20) supplemented with 0.5% (wt/vol) of a particular milk (i.e., bovine milk, reconstituted formula milk, human milk, soybean-based milk, and rice-based milk). We also tested growth on higher concentrations of milk in the growth medium without noticing differences (data not shown). The various milk types were pasteurized (80°C for 20 min) and kept at 4°C until use. Notably, a large variability of growth on milk-based media was evident among both the B. breve as well as B. longum strains, even if growth behavior was comparable for all the analyzed milk types (Fig. 2) . Furthermore, mid-exponential phase was reached at similar times for the various milk types utilized. Notably, B. breve 4L showed the best growth ability on milk-based media (Fig. 2) , thus prompting us to further investigate the behavior of this strain in order to obtain a better understanding of the molecular adaptation of this strain to utilize such milk products.
The milk sources used, i.e., bovine, reconstituted formula, human, soybean based, and rice based, displayed very different gross chemical compositions, which may explain the different growth performances shown by the strains analyzed. In fact, whereas mammalian-derived milks exhibit a high protein content (from 1.1% in human milk to 3.2% in cow milk), such as caseins and whey proteins, plant-derived milks do not contain such a high protein level. Furthermore, the carbon sources identified in these two different milk types are very different in terms of complexity and chemical composition, i.e., lactose in mammalian milk (2% in cow milk and 7% in human milk) versus sucrose and fructooligosaccharides in plant-derived milks.
Transcriptional profiling of B. breve 4L cells grown on different milk substrates and adaptation to the infant gut. Characteristics contributing to the ecological fitness in the infant gut, such as utilization of milk, should be discernible in B. breve 4L. To determine if B. breve 4L functionally and distinctly responds to different types of milks, we performed transcriptional profiling studies using CombiMatrix arrays (CombiMatrix, Mukilteo, WA) based on the genome sequence of B. breve DSM20213 (NCBI source NZ_ACCG00000000). Oligos were synthesized in 18 replicates on a 2x40K CombiMatrix array. Replicates were distributed on the chip at random, nonadjacent positions. A set of 29 negative-control probes designed on phage and plant sequences was also included on the chip in 60 replicates at randomly distributed positions. Three hybridization assays were carried out for each condition analyzed (experimental replicates). All experimental replicates showed a high correlation (Ͼ0.98).
To identify the potential transcriptional signatures of different types of milk, the transcriptome profiles recorded upon growth on the various milk substrates were compared to the transcriptome obtained after growth on MRS plus lactose. RNA samples for each culture condition were prepared from cells grown to mid-exponential phase.
Total RNA was isolated with the macaloid acid method (37) and treated with DNase (Roche, United Kingdom). Briefly, cell pellets were resuspended in 1 ml of QIAzol (Qiagen, United Kingdom) and placed in a tube containing 0.8 g of glass beads (diameter, 106 m; Sigma). The cells were lysed by shaking the mix on a BioSpec homogenizer at 4°C for 2 min (maximum setting). The mixture was then centrifuged at 12,000 rpm for 15 min, and the RNA-containing upper phase was recovered. Each RNA sample was further purified by phenol extraction and ethanol precipitation according to a previously described method (21) . Transcriptome analysis showed that a total of 623 genes were differentially transcribed upon growth of B. breve 4L cells on one or more of the test milk-based media compared to MRS plus lactose. A gene was considered to be differentially expressed between a test condition and a control when an expression ratio of Ͼ2 or Ͻ0.2 relative to the result for the control was obtained with a corresponding P value that was Ͻ0.001. As indicated by the cluster analysis data reported in Fig. 3a (derived from a representative subset of culture medium-modulated genes), distinct transcriptional profiles were associated with the different milk types under investigation. This was further corroborated by a global comparison of the transcription profiles associated with the six different growth media (Fig. 3b ), which revealed a close relatedness between the animal milks, whose transcriptional response profiles markedly differed from those associated with the plant-based milks and the reference (MRS plus lactose).
As shown by the Venn diagram in Fig. 3c , increased transcription of 134 genes relative to the reference (MRS plus lactose) transcriptome was observed upon growth on either of the three mammalian milk types (i.e., human or bovine milk or formula milk), while the transcription levels of 163 genes selectively increased upon cultivation on plant-derived milks (i.e., soybean-based milk or rice-based milk).
Functional classification of milk source-upregulated genes indicated that most of them code for proteins (enzymes and transporters) involved in amino acid and carbohydrate metabolism (Fig. 4) .
Genes preferentially expressed upon growth on mammalianderived milks. Despite the abundance of carbohydrates in animal-derived milks, relatively few genes involved in carbohydrate metabolism and transport were found to be upregulated (Ն2.0-fold versus the lactose reference condition) during growth on human, cow, or formula milk (Table 2 and Fig. 4 ). These included a putative ␤-galactosidase (BIFBRE_04539), a galactoside symporter (BIFBRE_04540), and several ABC transporter systems and phosphotransferase system (PTS) components that are predicted to be directly or indirectly involved in sugar uptake (Table 2 ). This finding might be explained by the fact that animal milks contain high levels of lactose (ϳ5% of the total content), which is a preferred carbon source that can suppress expression of genes involved in alternative carbohydrate metabolic pathways.
Among the genes whose expression was significantly upregulated upon cultivation of B. breve 4L on human, bovine, or formula milk were those encoding the galactose-1-phosphateuridyltransferase (GalT) and the galactokinase (GalE) enzymes. These genes are part of the lnpABCD operon (17), which is responsible for the utilization of lacto-N-biose (LNB; Gal␤1-3GlcNac). This carbohydrate forms the core structure of HMOs, which have been identified in human milk as important constituents that selectively stimulate the growth of bifidobacteria in the infant intestine (2, 35) and represent the third most abundant component of human milk, after lactose Notably, genes involved in glutamate metabolism were found to be upregulated during growth of B. breve on human, cow, and formula milk compared to MRS plus lactose. These included an ABC transporter specific for glutamate (BIFBRE_04715 and BIFBRE_04716), whose activity may be linked to nitrogen metabolism through the condensation of glutamate and ammonia to form glutamine (5). Other gene products linked to glutamine synthesis, such as glutamine synthetase itself (BIFBRE_03611) and N-acetylglutamate transferase (BIFBRE_03625), were also significantly upregulated in B. breve cells cultured on formula milk compared to MRS plus lactose.
Also worth noting is a genetic locus comprised of five genes (BIFBRE_03895 to BIFBRE_03899), coding for an ABC transporter, an oligopeptide binding protein, a cysteine desulfatase, and a sulfur cluster assembly complex, that was selectively upregulated upon growth on human milk but not on cow or formula milk. This finding may reflect the presence of higher levels of sulfur-containing amino acids (e.g., cysteine) in human milk than in either bovine or formula milk (3) .
Genes preferentially expressed upon cultivation of B. breve 4L on plant-derived milks. There were 163 genes significantly upregulated upon cultivation of B. breve 4L on the two tested plant-derived milks (soybean and rice) compared to animal/human or formula-based milk (Fig. 3c ). Among these differentially expressed genes there were various open reading frames annotated as gene products involved in carbohydrate utilization, including an ABC transporter system (BIFBRE_04186 to BIFBRE_04183) and an ␣-glucosidase (BIFBRE_02991). Furthermore, a genetic locus encompassing three genes predicted to encode a glucosamine-6-phosphate isomerase, a glucosamine-6-phosphate deacetylase, and a NagC transcriptional regulator was highly upregulated in both soybean-based milk and rice-based milk compared to animal-derived milks.
Of note, two genes (BIFBRE_02994 and BIFBRE_02830) coding for proteins similar to the type II fimbrial major subunit (FimA) of Actinomyces naeslundii were upregulated upon cultivation of B. breve 4L on soybean-based milk and rice-based milk. In closely related microorganisms, such as Corynebacterium diptheriae and A. naeslundii, fimbria are crucial for bacterial adherence to specific host cells, including epithelial cells, erythrocytes, and polymorphonuclear leukocytes (12, 16) , as well as for binding to other bacteria (15, 36) , a scenario which also applies to human gut commensals, such as lactobacilli (9, 33) .
Genes upregulated during growth in both mammalian-and plant-derived milks. The transcription of 76 genes was shown to be significantly upregulated upon cultivation of B. breve 4L on animal and plant milks compared to MRS plus lactose as the only carbon source (Fig. 3c ). Among these genes were those involved in the synthesis of amino acids, such as chorismate mutase (BIFBRE_03188) and chrorismate synthase (BIFBRE_03889), which are part of the shikimate pathways responsible for the metabolism of aromatic amino acids, such as phenylalanine and tyrosine, and hystidinal dehydrogenase (BIFBRE_04783), which is involved in histidine metabolism. In addition, expression levels of BIFBRE_03118 and BIFBRE_03119, which encode, respectively, an ammonium transporter and a nitrogen regulatory protein, were found to be more than 6-fold higher in milk-cultured bacteria than in bacteria grown on the reference synthetic medium. This finding, together with the upregulation of genes involved in amino acid metabolism, indicates that nitrogen assimilation in B. breve 4L mainly proceeds through peptide hydrolysis. Indeed, increased levels of transcripts coding for an endopeptidase (BIFBRE_02980), a predicted peptidase (BIFBRE_03114), and a putative aminopeptidase (BIFBRE_04898) were also detected in B. breve 4L cells cultured on animal or plant milk. Other upregulated genes shared by both milk types included a Additional genes that were found to be upregulated regardless of the specific milk substrate utilized for B. breve 4L cultivation included the tadE/F genes (BIFBRE_03022 and BIFBRE_03023), which are part of the tad locus. In B. breve UCC2003, the products of the tad genes have been reported to be responsible for gut colonization and for the persistence of this commensal in mouse intestine (18) . It is thus interesting that dietary components such as animal-or plant-derived milks appear to induce transcription of genes whose products mediate interaction of bifidobacterial cells with their hosts. Such results suggest an interesting level of coevolution between vegetables used for human consumption and their effect on their human host, based on selection of intestinal bifidobacteria.
Conclusions. In recent times, scientific data have emerged on how specific bifidobacterial species colonize the infant gut (4, 14) , although very little is currently known about the contribution of an infant's nourishment to the overall microbial population structure. It has been proposed that specific components of human milk, i.e., HMOs, have a significant impact on the composition of the intestinal microbiota of infants and represent a fascinating example of reciprocal evolution between mammals and their inhabiting commensals (22, 23) . The identification of B. breve as the predominant bifidobacteria taxon present in human milk corroborates previously published data (10, 19) and reinforces the hypothesis that members of this species are important colonizers of the infant gut.
The genomic knowledge on how growth of bifidobacteria can be sustained in milk is important for understanding the molecular mechanisms governing the initial stages of bacterial colonization of the human gut. Such knowledge is of pivotal importance for gaining insights into host-microbe interactions and the produced beneficial effects of the bifidobacterial population. It is worth mentioning that the molecular dissection of the metabolic capabilities of B. breve 4L described here is based on a reductionist vision that does not consider the concomitant coexistence of different strains/species, which is a common feature of the human gut. In fact, the breakdown of complex substrates, such as those present in milk in the human gut, is the consequence of the collective action of the enzymes produced by the various members of the microbiota. Furthermore, the identification of genes expressed by B. breve might be important as potentially catabolizing components necessary for the degradation of human milk. Future research activities will be carried out in this direction in order to understand how different members of the gut microbiota may influence each other, and the use of the infant gut microbiota may prove an appropriate model in this respect since, in contrast to the adult type, the infant intestinal microbiota is rather simple.
